crusts, chemosynthetic processes also occur , although the ratio of the two 145 energy sources is poorly constrained. In these ecosystems, the chemosynthetic microbial life can 146 form the base of the food web. Thus, disruption to the supply of chemical energy sources can 147 have consequences for the amount and type of life that can be supported (Figure 3 ). The 148 following sections describe how mining activities can upset the chemical energy supplies that 149 fuel microbial life in these ecosystems, and how this can result in a disruption of the ecosystem 150 services that microscopic life provides (Figure 3 ). 151 152
ACTIVE VENTS AND ACTIVE VENT FIELDS 153 154
Hydrothermal vents are among the most dynamic environments on Earth, where hot, chemically 155 reduced fluids come into contact with cold, oxidized seawater, leading to the precipitation of 156 metal-rich deposits on and beneath the seafloor surrounding these vents (Figure 2 ). The high flux 157 of metal-rich fluids mixing with cold, oxic seawater is a natural mechanism for accumulating 158 iron, copper, zinc, and other economically viable elements within metal-sulfide rich mineral 159 deposits, which makes these areas conducive to supporting chemosynthetic life as well as bring 160 attractive targets for mining. 161 162
Any given vent ecosystem might only be the size of a football field, with a handful of 5-10 m 163 diameter concentrated deposits within that footprint, or alternatively with the entire area 164 consisting entirely of massive sulfide. Individual vent fields can be separated by 10s to 100s of 165 kilometers, depending on the geological setting (Hannington et al., 2011) . Inactive sulfide-rich 166 mineral deposits often surround active vents where mineral deposition is occurring, in a 167 formation processes that can take thousands of years (Jamieson et al., 2013 hydrothermal vent systems is poorly constrained, though, due to difficulties in accessing this 197 environment. Models of fluid circulation that assume a temperature limit of life of 122ºC (Takai 198 et al., 2008) as the main limitation to life yield a wide range of results depending on the depth of 199 fluid circulation within the seafloor (Lowell et al., 2015) , which can range from a few 200 centimeters to the full thickness of the highly permeable basalt layer (~ 500 m). Therefore, 201 mining activities risk removing the bulk of microbial biomass in areas where the habitable 202 crustal area is thin. Without being able to directly observe and sample this microbial habitat, the 203 diffuse fluids exiting cracks in the seafloor are considered to be windows into the subsurface of 204 active vent systems (Deming and Baross, 1993; Huber and Holden, 2008 when conditions at the surface of the planet were not hospitable (Nisbet and Sleep, 2001 ). Many 310 of the enzymes and metabolic pathways used by vent microbes today appear to contain clues 311 about the nature of the first biological molecules (Russell and Martin, 2004 ) and key 312 evolutionary milestones (Nasir et al., 2015) . Therefore, the microbial diversity of active vents is 313 not only important for modern ecosystem functions but also as natural wonders and precious 314 cultural and educational resources that connect us to our ancient origins on this planet (Figure 3 ). 315 316
Finally, it must be emphasized that the vast majority of microbial life at hydrothermal vents has 317 not been explored (Figure 4) Inactive vent fields are not currently known to host many endemic animals, though this may be 367 due to a lack of exploration ( lakes or groundwater of altered chemistry, as any remaining metal-rich sulfides react with 420 exposure to water and oxygen to create acidic conditions. In a marine sulfide system, such a pit 421 will be permanently exposed to the oxic deep seawater long after extraction ceases, also allowing 422 for the creation of acidic conditions. Although seawater has a higher pH buffering capacity than 423 freshwater on land, a recent study on treatment of acid mine drainage from a terrestrial massive 424 sulfide deposit (itself an ancient hydrothermal vent site) showed that a ratio of 1 part acid mine 425 drainage to 90 parts seawater was required to neutralize the acid conditions (Sapsford et al., 426 2015) . Biotic catalysis in the form of microbes may be a key factor in determining how exposed 427 sulfide deposits will react to bottom seawater, but no studies have directly investigated the role 428 of biological catalysis in marine environments affected by mining. 429 430
The consequences of the complete destruction and permanent loss of seafloor habitat caused by 431 deep-sea mining are difficult to predict (Figure 3) One concern is that disruption of natural microbial communities and stimulation of heavy metal-504 metabolizing microbes, in particular, will have far-reaching consequences for element cycling in 505 the deep sea (Figure 3 ). Some metals may enter solution due to microbial activity, thus spreading 506 the effect to a larger area and making the metals more bioavailable and increasing their toxicity. 507
Others may precipitate out of solution more readily, causing issues such as blanketing areas of 508 the seafloor with amorphous metal-rich precipitates. There is currently no research on the 509 relevant thresholds over which some level of mining activity might begin to impact marine 510 element cycling on a regional level. 511
Lessons from terrestrial massive sulfide mining show that environmental change brought about 513 by these activities persists long after mining activity has ceased, including cases where point-514 source remediation measures are in place (Bird, 2016 We estimate (see Supplemental Materials for calculations), however, that proposed mining of 589 these nodule-bearing sediments and resulting re-suspension of particles and organic matter will 590 have a trivial impact on the ecosystem service of carbon sequestration for two reasons (Figure 3 ). 591
First, these sediments contain extremely low quantities of organic matter (<0.5% percent 592 (Khripounoff et al., 2006) . This is typical for deep-sea sediment (Seiter et al., 2004) , since the 593 particles delivering organic carbon to the ocean floor must sink over long distances to reach the 594 ocean floor, during which the majority of organic matter is remineralized by microbes in the 595 water column (Marsay et al., 2015; Cavan et al., 2017) . Thus, only a relatively small mass of 596 carbon might be re-suspended, compared to the much higher carbon loads in nearshore sediment 597 environments. Second, the organic matter contained in these deep-sea sediments is likely to be 598 highly processed and thus not particularly bioavailable to microbial remineralization, so most of 599 the organic carbon would be redeposited on the seafloor and sequestered. Furthermore, as 600 stimulation of organic carbon remineralization in the overlying water column is likely to be low, 601
there would be inconsequential changes in dissolved oxygen concentration in bottom seawater 602 (<0.5%). 603
Other microbial ecosystem service impacts from mining ferromanganese nodules 605 606
Although the carbon sequestration ecosystem service of nodule fields would not be impacted, 607 other microbial ecosystem services in nodule fields are expected to be impacted by mining 608 activity (Figure 3 ). For example, as part of the European JPI Oceans Mining Impact project (Paul 609 et al., 2018), the DISturbance and reCOLonization (DISCOL) area was recently revisited to 610 study the long-term impact of nodule mining. The DISCOL experiment was carried out in 1989 611 in the Peru Basin in which the deep seafloor was plowed in an area of ~ 11 km 2 to mimic nodule 612 mining (Thiel et al., 2001 ). Clear geochemical differences, including metal distributions, in the 613 upper 20 cm of disturbed and undisturbed sediments could be observed even 26 years after 614 plowing (Paul et al., 2018) . Based on their observations, the authors noted that nodule mining 615 will likely have long-lasting impacts on the geochemistry of the underlying sediment (Paul et al., 616 2018). Specifically, solid-phase manganese concentrations were lower in disturbed areas 617 compared to reference areas. This finding suggests that the capacity for metal sequestration via 618 scavenging onto nodules will be substantially limited during the recovery period. The absence of 619 nodules in the disturbed area increases metal flux out of sediment, although it is argued that these 620 flux rates do not reach rates that are potentially toxic to animals (Paul et al., 2018) . 621 622
Nodule regrowth may also be limited by both the geochemical and microbiological changes 623 following mining-related disturbances. For example, thermodynamic and kinetic constraints limit 624 the oxidation of reduced manganese to oxidized manganese by oxygen (Luther, 2010) . Microbes 625 can catalyze this reaction via direct and indirect pathways; thus, the formation of most 626 manganese oxide minerals in the environment is microbially mediated (Hansel and Learman, 627 2015) . A broad diversity of organisms are capable of manganese oxidation, from bacteria to 628 fungi (Hansel, 2017) , although microbial manganese oxidation does not provide an energetic 629 benefit to the organism and the physiological purpose is unclear. 630 631
Mining activities will cause a decrease in the ecosystem service of this habitat through the 632 destruction of paleoscientific records, a valuable education aspect of this environment. Marine 633 sediment cores are an immensely valuable resource for reconstructing climate conditions over 634
Earth's history (Figure 3 ). Plant and animal fossils found in sediments are frequently used to 635 reconstruct and understand the past chemistry and temperature of the ocean. For example, the 636 calcium carbonate shells of microorganisms such as foraminifera or coccoliths can be analyzed 637 using oxygen isotopes to determine the temperature and chemistry of ancient seawater and how 638 cold the ocean was at the time the shell formed (Spero et (Figure 3 ). 654 655
Overall, mining activities in nodule fields will have varied impacts on microbial ecosystem 656 services (Figure 3) . Some services, such as carbon sequestration potential, will be minimally 657 impacted. Other services, such as research and educational value from paleoscientific records 658 contained with sediment layers, would be severely perturbed and not recoverable. Decades-long 659 studies have identified that microbial processes with the sediments underlying nodules remain 660 impacted for quite some time (Paul et al., 2018) , but the corresponding impact this has to 661 biogeochemical cycling and ecological functioning is not constrained and requires further 662 investigation, despite this resource type having been the most studied for these kinds of impacts 663 (Figure 4 ). 664 665 666
COBALT CRUSTS ON BASALTIC SEAMOUNTS 667 668
Cobalt-rich crusts (also called polymetallic crusts) occur on sediment-free rock surfaces in all 669 oceans of the world (Figures 1, 2) , raging in thickness from <1 mm to ~260 mm. The alteration rinds that form on seafloor exposed basalts at seamounts and outcrops (i.e. cobalt-686 rich crusts) provide a habitat suitable for sessile animals like corals and sponges that require a 687 hard substrate to attach to (Etnoyer et al., 2010; Shank, 2010), as well as for brooding animals 688 like octopus (Hartwell et al., 2018) . However, the role microorganisms play in faunal 689 colonization and presence in these regions remains unknown, as does the relative role of 690 microbial chemosynthesis and heterotrophy in this ecosystem. Some studies suggest persistent 691 patterns in microbial community composition on highly altered seafloor-exposed basalts that 692 have ferromanganese crusts . Surveys of indigenous microorganisms from 693 sediments associated with cobalt-rich crusts (Liao et al., 2011; Huo et al., 2015) and manganese 694 rich crust (Nitahara et al., 2011) have detected the potential for microbial chemosynthetic 695 primary production supported by ammonia oxidation. Similarly, the amount of primary 696 production supported by microbial communities on altered seafloor basalts could be significant 697 for carbon cycling in the deep sea . 698 699
Removal of alteration crusts from seamounts and outcrops through mining/dredging is expected 700 to physically alter the seafloor substantially. The overall slope of the seamount may be flattened, 701 and the amount of soft sediment increased though disturbance and release of waste during the 702 mining process (Levin, 2013) . This mining activity would dramatically impact sessile animal 703 communities, although recovery rates from these disturbances are unknown. Mining activity 704 would expose fresh surfaces of underlying basalt rocks, which would eventually be altered 705 through seawater exposure, although this process would be very slow (1-5 mm per million 706 years). Due to the slow growth of both the alteration crust as well as the fauna that live on them, 707 the recovery time for physically disturbed crusts on seamounts caused by mining is predicted to 708 be long (Schlacher et al., 2014 In conclusion, while some ecosystem services provided by microbial life in deep-sea habitats 784 may be minimally impacted by mining activities, others are expected to be severely impacted 785 (Figure 3 ). Active vent environments are expected to suffer the most extreme impacts from 786 mining activity, which will be hard to avoid even with protected offsets (Dunn et al., 2018). 787
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